D). Dendritic summation between the potentiated input (S p ) and the control input (S c ) was tested by applying a range of stimulus currents to S p (ten repetitions at each stimulus strength at 0.04 Hz) and a fixed stimulus to S c before and after the induction of LTP. The linearity is defined as the ratio (in percentage) of the amplitude of the measured EPSP (solid line) to that of the expected EPSPs (dotted line). Lines in (C) connect the average values (ϮSEM) of the responses at various stimulus strengths. Each point in (D) represents the average of ten measurements (ϮSEM) at one stimulus intensity. Lines in (D) depict the best linear fits of the data. Inset: average traces of all EPSPs in this experiment, showing that the measured EPSP (solid) was increased after LTP induction, for the same expected EPSPs (dotted). Scales: 4mV, 50 ms.
To measure dendritic summation of EPSPs elicited at observed for S p ϩ S c1 , but not for S c1 ϩ S c2 . In a different format, we plotted the linearity determined at 10mV of S p and S c , a range of stimulus currents were applied to S p before and after LTP induction, either alone to elicit the expected EPSP for each cell before and after LTP induction. It is clear that significant increase in the lineara series of subthreshold EPSPs (range 2-10mV) or synchronously with stimulation of S c at a constant strength ity was restricted only to the summation with the potentiated input ( Figure 2E ). that evoked EPSPs in the range of 4-7mV. After LTP induction, the range of stimulus strength applied to S p To determine whether the activity-induced changes in dendritic summation depend on the localization of was reduced in order to test the spatial summation with the control input over the same range of EPSP amplithe input on the apical dendrite, we further compared changes in the spatial summation between the potentitudes. We found that the linearity of summation, as defined by the ratio of the measured EPSP to the expected ated input (S p ) with either a proximal (S c1 ) or a distal (S c2 ) control input, which was located at a distance of 50 Ϯ EPSP, was markedly increased over the same range of amplitude tested ( Figure 1D) . 10 m from S p , as estimated from the position of the stimulating electrode relative to the pyramidal cell body layer. Results from all six experiments are shown in Changes in the Linearity of Summation Is Input Specific Figure 2F . We found that the linearity of summation was similarly increased for the summation of the potentiated To further determine whether the increase in the linearity of spatial summation of EPSPs accompanying the ininput with either the proximal or the distal input. In another set of experiments, we measured the summation duction of LTP reflects a local dendritic change specific to the potentiated input, we have also monitored the of a potentiated input at the distal dendrite with a control input on the basal dendrite. We observed no significant spatial summation of the control, unpotentiated inputs. As shown in Figures 2A and 2B , the increase in linearity increase in the average linearity of summation (n ϭ 7, data not shown). was observed for summation of the potentiated input (S p ) with a control input (S c1 ) following LTP induction at S p , but not for summation of the two control inputs (S c1 Decrease in the Linearity of Summation Accompanying LTD and S c2 ) onto the same postsynaptic dendrite. To summarize the results from all experiments, the data from Beside LTP, repetitive correlated activity at Schaffer collateral-CA1 pyramidal cell synapses can also induce each cell were normalized by the linearity value observed at 10mV of the expected EPSP before LTP induc-LTD ( paired with a postsynaptic spike elicited 20 ms before reduced to and remained stable at a level similar to that resulted from LTD. The test stimuli were then increased the onset of the EPSP. The EPSP amplitude of the control input (S c ) elicited by a constant test stimulus reto evoke EPSPs with amplitudes similar to those during the control period. We found no significant change in mained unchanged. The stimulus-response curve of the stimulated input (S d ) also showed a rightward shift folthe linearity of summation (Ϫ0.8% Ϯ 1.3%, SEM; Figure  4C ). Thus, the decrease in the linearity of summation lowing the induction of LTD ( Figure 3B ). Using the same procedure as that described above, we found that the after LTD induction was not due to a reduction of AMPA receptor density or to the change in the strength of test linearity of spatial summation of the stimulated (S d ) and control (S c ) inputs was reduced following the induction stimuli. of LTD (Figures 3C-3E Figures 5A and 5B) . Thus, changes in dendritic I A K ϩ channel activity are unlikely to account for the observed changes in spatial summation.
We further investigated the role of the hyperpolarization-activated (I h ) channel, which is known to be distributed at a high density on the apical dendrite (Magee, 1998; Stuart and Spruston, 1998) and to have a major influence on temporal summation of EPSPs (Magee, 1998 (Magee, , 1999 . Interestingly, treatment with ZD 7288 (20 M), a specific blocker of I h channels, increased the linearity of spatial summation to a similar extent to that with 4-AP treatment ( Figure 5A ). Thus, I h and I A K ϩ channels have similar influence on spatial summation by reducing the linearity. However, unlike the 4-AP treatment that blocks the I A K ϩ channels, we found that ZD 7288 treatment significantly reduced the magnitude of the increase in the linearity of summation accompanying the induction of LTP (Figures 5A and 5B) . On the other hand, the extent of LTP in treated slices was similar to Figure 5E ). This suggests that the two presence of 4-AP (6 mM), which is known to block most events are not causally linked. We found that there was of I A K ϩ channels in these neurons (Hoffman et al., 1997) . no significant change in the decay time after LTP/LTD Following the 4-AP treatment, we found that LTP was not inducible by correlated spiking at dendritic inputs induction. This could be due to a large variation in the , 1999) . In the present study, we showed an activitymeasurement of the linearity of summation after reapplication of AP-5. Under this procedure, we found that dependent plasticity in the property of spatial summation of EPSPs between converging inputs at the dendrite both the increase in the linearity and the extent of LTP were significantly reduced ( Figures 6C and 6D) . The reof these pyramidal cells. Repetitive correlated pre-and postsynaptic spiking, which is effective in inducing LTP duced extent of LTP is likely to result from incomplete washing of AP-5. We also found that the pre-LTP sumor LTD of synaptic transmission, results in an increase or decrease in the linearity of summation, respectively. mation was less linear than that found in the untreated slices ( Figure 6C) , consistent with the effect of NMDAR This bidirectional modification is specific to the summation of the modified input with other coincident inputs on the summation. Thus the increase in the NMDAR-EPSP after LTP induction may contribute to the inon the same postsynaptic dendrite. The changes in the linearity, averaged ϩ8.2% and Ϫ4.6%, respectively, creased linearity. Significantly, there was still a residual increase in the linearity under the AP-5 treatment (Fig- were persistent for at least 30 min after a brief period of correlated spiking. The immediate consequence of ures 6C and 6D), suggesting involvement of other mechanisms, such as changes in the I h currents described such changes in the summation property is an enhancement or decrement in the weight of the modified synapse above.
in initiating firing of the postsynaptic pyramidal neuron. In terms of its role in signal processing, this effect is Discussion independent of, but synergistic with, the activity-dependent modification of synaptic efficacy. Integration of synaptic inputs and initiation of action potentials are essential for signal processing in the neu-A small change in the linearity of spatial summation can exert a significant effect on the information relay at ron. Spatial and temporal summation of excitatory synaptic potentials at the dendrite, which determines the the dendrite. Because dendritic summation is sublinear, and the sublinearity increases with the EPSP amplitude spiking activity of the postsynaptic neuron, is known to be nonlinear in the CA1 pyramidal neurons of the ( Figure 1D ), a synaptic input is represented less effectively in the dendrite when it is summed together with hippocampus (Rall, 1964; Magee, 1999, 2000; Cash and 
